Recently, small-scale pressure-balanced structures (PBSs) have been studied with regard to their dependence on the direction of the local mean magnetic field B 0 . The present work continues these studies by investigating the compressive wave mode forming small PBSs, here for B 0 quasi-perpendicular to the x-axis of Geocentric Solar Ecliptic coordinates (GSE-x). All the data used were measured by WIND in the quiet solar wind. From the distribution of PBSs on the plane determined by the temporal scale and angle θ xB between the GSE-x and B 0 , we notice that at θ xB = 115
INTRODUCTION
In the solar wind, pressure-balanced structures (PBSs; Burlaga & Ogilvie 1970) have been identified by means of the anti-correlation measured between their plasma thermal pressure (P th ) and their magnetic field pressure (P B ). Large-scale (temporal duration >1 hr) PBSs in the solar wind have previously been investigated in detail, both in the ecliptic plane and in the polar region (Tu & Marsch 1994; Marsch & Tu 1993; Bavassano et al. 2004) . Statistically, the correlation between proton density N p and magnetic field strength B, as well as between proton temperature T p and magnetic field strength B, tend to show the same general trends that the pair P th -P B shows. Thus, the pairs N p -B and T p -B often reveal a distinct anti-correlation in large-scale PBSs (Tu & Marsch 1994; Marsch & Tu 1993) .
Small-scale (temporal duration <1 hr) PBSs have also been reported in the past decade (Kellogg & Horbury 2005; Yao et al. 2011 ). However, work that clearly reveals the properties of the small PBSs or their formation mechanism is still rare. Yao et al. (2013) first studied and showed how PBSs are characterized by their temporal scale and depend on the angle θ xB . θ xB is defined as the angle between the x-axis of Geocentric Solar Ecliptic coordinates (GSE)-x and the scale-dependent mean magnetic field B 0 . As the angular extent of a PBS decreases when its temporal scale becomes smaller, this scaledependent difference between various PBSs may be related to their formation mechanisms. The wide-angle coverage of large PBSs could be explained by them being remnants of flux tubes (Mariani et al. 1973; Thieme et al. 1990 ) that are oriented along the Parker spiral but have a certain spread in relative orientation (Borovsky 2008) . In contrast, the separate small PBSs appear to concentrate around some angle and may have been formed in situ by compressive waves (Yao et al. 2013) . In this context, the slow-mode and mirror-mode waves (Burlaga 1968; Tu & Marsch 1995; Song et al. 1992; Kellogg & Horbury 2005; Tsurutani et al. 1982) are the most relevant compressive waves (Hasegawa 1969; Lucek et al. 1999) .
Both the slow-mode waves and the mirror-mode waves show anti-correlations between thermal and magnetic pressure. However, mirror-mode waves will only be generated whenever T ⊥ /T > 1 and the proton β p 1 (Tsurutani et al. 1982; Lucek et al. 1999; Treumann & Baumjohann 1997) . Moreover, the magnetic field strength is expected to show a relative change greater than 10%, whereby for the mirror mode, the minimum variance direction is vertical to the background magnetic field vector (Hasegawa 1969; Price et al. 1986; Lucek et al. 1999; Volwerk et al. 2008) . Furthermore, numerical calculations indicate different values of the cross-helicity σ c for slow-mode and mirror-mode waves. Since the mirror-mode wave is nonoscillatory, σ c is expected to be zero, as shown in Figure 7 of Gary (1992) .
Actually, the fact that the small-scale pressure balance could be driven either by mirror-mode waves or slow-mode waves in the magnetosphere has been reported several times (Song et al. 1992; Du et al. 2011; Lucek et al. 1999; Volwerk et al. 2008; Tsurutani et al. 1982) . But neither the slow-mode nor the mirrormode waves were often identified in the solar wind (Burlaga 1968; Howes et al. 2012; Yao et al. 2013; Zhang et al. 2009; Enríquez-Rivera et al. 2010) . In particular, a clear identification of the mirror mode in the solar wind lacked for some reason the necessary plasma evidence, such as the required pressure balance and distinctive temperature anisotropy with T ⊥ /T > 1.
Following the recent study of Yao et al. (2013) on the in situ mechanisms forming small-scale PBSs in the solar wind, this work will show that the small-scale PBSs can, when B 0 is quasiperpendicular to the solar wind velocity direction, be driven by mirror-mode waves. Both the magnetic-field and plasma measurements (including the proton temperature anisotropy, the proton velocity distribution functions (VDFs), and the plasma thermal pressure) are considered to reveal the nature of the wave mode.
OBSERVATIONS
In this work, we study the small PBSs on the same day as Yao et al. (2013) studied them before. All the data were measured by WIND (Ogilvie & Desch 1997) in the quiet solar wind at 1 AU. The following data from 06:00 to 18:00 UT on 1995 February 4 are used in this work: the proton density and temperature measured by the Three-Dimensional Plasma and Energetic Particles Instrument (3DP) every 3 s, the proton VDFs as measured by 3DP (Lin et al. 1995) for each spin (3 s, but the data are downlinked only once every eight spins, i.e., 24 s), the electron density and temperature measured by the Solar Wind Experiment (SWE) for around 6-12 s, the proton perpendicular and parallel thermal velocity obtained by SWE (Kasper et al. 2006; Ogilvie et al. 1995) every 92 s, and the magnetic field magnitude and components (in GSE coordinates) measured by the Magnetic Field Investigation (Lepping et al. 1995 ) accurately every 3 s. The data processing methods were described in detail in Yao et al. (2013) . On this day, the solar wind velocity varied between 600 and 700 km s −1 and was thereby orientated almost along the x direction in the GSE coordinate system. The magnetic field strength stayed around 5 nT. The proton number density fluctuated between 2 and 5 cm −3 . The proton temperature varied around 0.2 MK and the electron temperature stayed stable around 0.18 MK. Figure 1 was originally shown in Figures 1 and 2 of Yao et al. (2013) . Figure 1(a) shows the PBS distribution versus θ xB . In Figure 1 (a), the horizontal axis is θ xB and the vertical axis is the temporal scale. The color represents the product of the values of the coefficient and the absolute phase of the cross-coherence spectrum, as obtained in the wavelet analysis (Grinsted et al. 2004) .
Since the PBSs are identified by their anti-correlation between P th and P B , the ideal correlation coefficient would be one and the absolute phase angle would be π . Therefore, the red regions in Figure 1 (a) are PBSs, while the blue regions indicate that there are also data not corresponding to PBSs. The white regions indicate that there were no data available. Figure 1 (b) shows the time variation of θ xB on each temporal scale, during the time from 06:00 to 18:00 on 1995 February 4.
When inspecting Figures 1(a) and (b), we can see that at about 14:00 UT small-scale PBSs appear when θ xB is 115
• , over the time scales from 700 s to 60 s. The studied region is marked by a dotted rectangle. The time sequences of P th and P B from 13:50 to 14:10 are shown in Figure 2 , with the correlation coefficient indicated in the panel. In addition, the time variation of the pairs N p -B, and T p -B are shown in Figure 2 . The total pressure, the proton β p , and the proton temperature anisotropy (T ⊥ /T ) are shown as well in Figure 2 .
The proton β p , calculated from the temperature T p , the number density N p of protons, and the magnetic field strength with a temporal cadence of 3 s, varies around 1, as shown in Figure 2 . From the top to the bottom: the time variation of the plasma β p , the temperature anisotropy (T ⊥ /T ), the total pressure (including magnetic pressure and thermal pressure from both protons and electrons), the correlation of N p -B, T p -B, P th -P B , and dV-dV b in the x, y, and z directions of the GSE coordinate system, the cross-helicity, and the compressibility. The pink shaded stripe indicates mirror-mode waves and the green shaded stripes indicate Alfvén waves. The respective correlation coefficient is also quoted in each panel.
The proton temperature anisotropy (T ⊥ /T ), shown by solid circles in Figure 2 , wanders around 1. The black solid line is the linear interpolation of the data points. The black dotted line marks where T ⊥ /T is equal to one. Since the protons have T ≈ T ⊥ , β p based on the proton parallel temperature would be similar to β p . Thus, we suggest that β p ≈ 1. The thermal velocity v ⊥ and v were calculated by means of a nonlinear analysis of the proton two-dimensional distribution, as measured by the Faraday Cup of SWE every 92 s (Kasper et al. 2006) . We obtain T ⊥ /T using v 2 ⊥ /v 2 . It should be mentioned that the time segment from 13:56:30 to 14:00:00 indicates a trend showing anisotropy, with T ⊥ > T . β p ≈ 1 and the temperature anisotropy T ⊥ > T signal the possible existence of mirror-mode waves (Tsurutani et al. 1982; Treumann & Baumjohann 1997) . It can be concluded that the total pressure stays stable at 0.03 nPa. Furthermore, all the pairs (P th -P B , N p -B, and T p -B) obviously are anti-correlated, with their correlation coefficients being −0.86, −0.68, and −0.87, respectively. We also noticed that from 13:56:00 to 14:02:00 (pink shaded segment in Figure 2) , B experienced jumps three times. B first suddenly decreased from 6 nT to 5 nT, marked by the red dotted line labeled "1." After staying at 5 nT for about 2.5 minutes, B jumped to 6 nT again, marked by another red dotted line ("2"). Finally, after staying at 6 nT for 1.5 minutes, B dropped to 5 nT, marked by another red dotted line ("3").
Since the mirror mode is non-oscillatory, it is necessary to reveal the fluctuation of the solar wind velocity and the magnetic field vector to examine the wave mode. We showed that the solar wind velocity fluctuated (dV = V − V) with magnetic field fluctuations in Alfvén speed units dV b = (B − B)/ 4πN p m p (m p = 1.67 × 10 −24 g) in the x, y, and z directions in GSE coordinates. Here, V is the averaged velocity and B is the averaged magnetic field between 13:50:00 and 14:10:00. It can be seen that in the pink shaded region in Figure 2 , the solar wind velocity fluctuations dV x and dV y are almost zero. However, dV z varied between 10 km s −1 and 10 km s −1 . More interestingly, dV z experienced three changes of its sign just at the same time as when B jumped, indicated by the three red dotted lines in Figure 2 . Since plasmas will move from a stronger field region to a weaker field region along the magnetic field lines during the formation process of the mirror mode, the above results possibly indicate a mirror-mode wave being formed.
To compare with theoretical predictions of mirror-mode waves, we next calculated the time variation of the cross-helicity σ c and the compressibility C p , which are shown in the last two panels of Figure 2 . According to Matthaeus & Goldstein (1982) , Gary (1992) , and Bavassano et al. (1998) , the cross-helicity is defined as
in which dV b is the fluctuating magnetic field vector in Alfvén units. We set the domain for averaging as a 1.5 minute wide moving window, with a step size of 3 s. Applying the window to the time series between 13:50:00 and 14:10:00 of the solar wind velocity fluctuations and the magnetic field fluctuations, we obtained σ c every 3 s in the central 18 minute segment, rather than only one value for the whole 20 minutes. We calculated the compressibility defined by Gary (1986) as
where N p is the mean proton density and B is the mean magnetic field magnitude. In both equations above, the fluctuating quantities are denoted by a preceding d and the brackets indicate averaging over the time domain. We still use the same moving window to carry out the averaging calculation and finally obtain C p . It can be seen that from 13:56:30 to 13:58:00 and from 14:00:30 to 14:01:40, C p ≈ 0.1 and σ c was varying around zero. The values are in agreement with those from theory predictions shown in Figure 7 of Gary (1992) .
Since the cascading of Alfvén waves may form cyclotron waves that support the perpendicular heating via ion cyclotron resonance (Bame et al. 1975; Marsch et al. 1982a; Gary et al. 2001; Tu & Marsch 2002; Chandran et al. 2011) , resulting in T ⊥ > T of protons in the fast solar wind (Tu & Marsch 2001; Li et al. 1999 Li et al. , 2004 Gary & Saito 2003) , we tested the data for Alfvén waves by comparing dV with the dV b in the x, y, and z directions in GSE coordinates. A strong positive correlation is obtained from 13:53:30 to 13:55:30 and from 14:03:00 to 14:06:30 and the proton density is stable at 4 cm −3 during the two temporal periods (green stripes in Figure 2 ). The correlation coefficients are 0.93, 0.32, and 0.50 between 13:53:30 and 13:55:30 and 0.73, 0.80, and 0.12 between 14:03:00 and 14:06:30 for the x, y, and z components, respectively. Between 13:53:30 and 13:55:30, the mean magnetic field vector is [−1.99, −2.43, −5.10], so the Alfvén wave was mainly pointing between GSE-y and GSE-z. Since the Alfvén waves are transverse fluctuations, it makes sense to find smaller correlation coefficients for the y and z components and larger coefficients for the x components. From 14:03:00 to 14:06:30, the mean magnetic field vector is [−1.60, 0.31,−4.4], thus the Alfvén waves propagate mainly along GSE-z. The small correlation coefficient for the z components meets expectations for Alfvén waves. Thus, Alfvén waves, which may contribute to T ⊥ > T indirectly, are identified in the temporal segments ahead and behind the mirror-mode waves.
Since the temporal cadence of T ⊥ and T from SWE is 92 s, the anisotropy of T ⊥ > T from 13:56:30 to 14:00:00 was just predicted by the trend, while between 14:00:00 and 14:01:40, the trend indicated T ⊥ < T . To confirm the weak temperature anisotropy, we show in Figure 3 two related proton VDFs measured by 3DP.
The time variation of the three pairs (N p -B, T p -B, and P th -P B ) from 13:55:00 to 14:05:00 are shown in Figure 3 in the top three panels; their correlation coefficients are −0.76, −0.86, and −0.93, respectively. The pink-shaded stripe shows the same period as in Figure 2 . We also show the time sequences of the magnetic field components B x , B y and B z in GSE coordinates. In Figure 3 that here the local magnetic field vector is obtained from B x , B y , and B z in the above panels. As the VDFs are normalized by the maximum proton number density, the isodensity contours represent the percentages of the proton phase space density. The solid lines correspond to the levels 0.8, 0.6, 0.4, 0.2, and 0.1. The dashed line indicates 0.032 and the dotted lines correspond to 0.01 and 0.0032. Close inspection shows that the thermal speed perpendicular to the local magnetic field is marginally larger than the parallel speed. The white dotted circle is put on the contours to facilitate comparison. Moreover, we made use of only those parts of the VDFs larger than 10% of the maximum in order to calculate their moments.
After having obtained the proton density, the thermal velocity perpendicular to the local magnetic field and the thermal velocity parallel to the local magnetic field could be evaluated (Marsch et al. 1982b ). Thus, we obtained the perpendicular and parallel temperatures. The speeds v th⊥ = 40.1 km s −1 and v th = 38.1 km s −1 yield T ⊥ = 0.19 MK and T = 0.17 MK, which together lead to the ratio T ⊥ /T = 1.10 at 13:57:47. In other periods of possible mirror-mode wave activity, the moments based on the VDF were also calculated. The results are v th⊥ = 37.5 km s −1 , v th = 36.6 km s −1 , T ⊥ = 0.17 MK, and T = 0.16 MK and thus the ratio T ⊥ /T is 1.05 at 14:01:20. For other VDFs at 13:57:00, 13:57:24, 13:57:47, 13:58:35, 13:59:45, 14:00:33, and 14:00:56, which are not shown in the figure, the corresponding ratio T ⊥ /T is 1.10, 1.39, 1.10, 1.13, 1.27, 1.10, and 1.43, respectively. Overall, it should be noted that the segment between 13:56:00 and 14:02:00 shows β p ≈ 1, T ⊥ /T > 1, the anti-correlation between N p -B, and σ c 0 with C p > 0. Above all, we suspect the mirror-mode waves may exist between 13:56:00 and 14:02:00 UT indicated by the pink shaded region in Figure 2 .
To identify the mirror-mode waves, the angle between the minimum variance magnetic field vector and the local mean field is another key parameter. Thus, we applied Minimum Variance Analysis (MVA; Sonnerup & Cahill 1967) to the magnetic field components for the period from 13:56:00 to 14:02:00 UT, shown in • . We note that all vectors are expressed in GSE coordinates and that B 0 is the magnetic field vector averaged over 720 s (twice the length of the studied segment, 13:59:00 as the center).
According to the local mean magnetic field B 0 and the minimum variance vector B N of the segment from 13:56:00 to 14:02:00, we show the geometry of the mirror-mode waves projected onto the x-z plane of GSE coordinates in Figure 5 . The WIND path could be simply represented by GSE-x. The three jumps of B numbered 1, 2, and 3 in Figure 2 are also marked on the WIND path. It is obvious that WIND would measure the magnetic field strength decreasing across point 1, increasing across point 2, and decreasing again across point 3. In addition, the solar wind velocity fluctuation dV and the magnetic field fluctuation dB are shown inside the mirror-mode waves. Since the magnetic field lines are almost along the −z direction, the velocity fluctuations appear mainly on its z component. It could be expected that WIND may measure dV z varying from positive to negative across point 1, negative to positive across point 2, and positive to negative across point 3.
SUMMARY AND DISCUSSION
This work aims to reveal that mirror-mode waves can form the small-scale PBSs in the quiet solar wind when B 0 is quasiperpendicular to GSE-x. From the PBSs distribution on the plane given by the temporal scale plotted against θ xB , we can see that the multi-scale small PBSs are concentrated around an angle θ xB 115
• and range in temporal scale from 700 s to 60 s. This narrow-angle extent of the multi-scale small PBSs, different from the large-scale PBSs that are spread widely in orientation, may indicate that they formed in situ. To examine the responsible mode of compressive waves, we selected the related time period for further analysis.
In the time segment between 13:56:00 and 14:02:00, the total pressure was found to be stable around 0.03 nPa and P th was anticorrelated with P B . Moreover, both pairs N p -B and T p -B were anti-correlated. From 13:56:30 to 13:58:00 and from 14:00:30 to 14:01:40, the compressibility stayed at 0.1 and the cross-helicity stayed around −0.2 and 0, respectively. Compared with the theoretical results shown by Figure 7 of Gary (1992) , the above values of the two parameters indicate the possible existence of mirror-mode waves with 45
• θ kB 90
• , when β p = 4 and
Furthermore, the plasma β p varied around 1 and thus satisfied the requirement of a high β p for the mirror mode (Treumann & Baumjohann 1997) . The proton temperature anisotropy from SWE showed a trend of being larger than 1. More convincingly, the proton VDFs measured by 3DP showed nearly isotropic contours, but with the perpendicular thermal velocity slightly larger than the parallel one. Precisely, we calculated the moments based on the measured proton VDFs to obtain the temperature ratio T ⊥ /T and found that the segment from 13:57:00 to 14:02:00 had an anisotropy range of 1.05 < T ⊥ /T < 1.43. Since the ratio T ⊥ /T was reported to be between 1.06 and 1.2 for the mirror-mode waves observed in the magnetosheath ( Figure 5 of Tsurutani et al. 1982) , we studied here solar wind plasma conditions that could lead to the excitation of mirrormode waves.
To confirm θ kB from numerical calculations (Gary 1992 ) and from theory and simulations (Hasegawa 1969; Price et al. 1986 ), we derived the minimum variance B N = [−0.99, 0.11, 0.04] from MVA and obtained angles θ kB between B N and B 0 = [−2.09, −0.40, −4.60]. As the angle turns out to be 69
• , it agrees with the values derived from theory, indicating that the minimum variance direction for the mirror-mode waves (Hasegawa 1969; Price et al. 1986 ) was preferentially perpendicular to the background magnetic field. This angle obviously is also within the range given by Figure 7 of Gary (1992) . The corresponding geometry of the measured mirror-mode waves projected on x-z plane is shown in Figure 5 .
Apart from the above clear evidence, the less conclusive behavior of σ c and C p between 13:58:00 and 14:00:30 also deserves explanation. Since the mirror-mode wave is nonoscillatory and non-Alfvénic, the related σ c is expected to be zero in principle. However, while the mirror mode is just emerging, the plasmas are moving to the low-B region due to pressure balance (Treumann & Baumjohann 1997) , thus leading to velocity fluctuations along the magnetic field lines and plasma density fluctuations associated with sizable compressions. In Figure 5 , the magnetic field fluctuation dB and the solar wind velocity fluctuation dV are shown in the mirror-mode waves. As the cross-helicity is defined in Equation (1), the sign of σ c is determined by the directions of dV and dB. Since dV and dB have opposite signs on the entire WIND path, σ c could be less than zero. Considering that the proton density fluctuations are larger between points 1 and 3 than outside the mirror-mode waves, the compressibility C p inside the mirror-mode waves defined in Equation (2) would be larger than in the ambient medium.
Furthermore, the growth rate γ of the mirror-mode instability could be evaluated approximately, as γ Ω p was shown to vary against kV A /ω p in Figure 2 of Gary (1992) . Considering θ kB = 69
• , β p ≈ 1, and 1 < T ⊥p /T p < 1.5 in our work, we choose the branch of θ kB = 71
• with β p = 1 and T ⊥p /T p = 2 in Figure 2 of Gary (1992) . To obtain γ , we calculate the proton cyclotron frequency, Ω p = 0.53 rad s −1 , the proton plasma frequency ω p = 2.8 × 10 3 rad s −1 , and the Alfvén speed V A = 56.55 km s −1 . We then apply Taylor's hypothesis to obtain an absolute value of the wave vector k. Since the mirror-mode waves were measured from 13:56:30 to 14:01:40 assuming the scenario shown in Figure 5 , we take the distance from point 1 to point 3 as one wavelength. Thus, the wavelength λ = V · t = 600 km s −1 · 4 minutes = 1.44 × 10 5 km and k = 2π/λ = 4.4 × 10 −5 km −1 . Finally, we obtain kV A · 10 4 /ω p = 0.01 and γ Ω p can be predicted from the trend given in Figure 2 in Gary (1992) : 0.0005. Thus, γ would be about 2.65 × 10 −4 s −1 . From the above approximation, the growth rate is rather small and the mirror-mode instability is very weak. This result agrees with previous reports (Tsurutani et al. 1982; Gary 1992 ) that the in situ measurements of the mirror mode often reach the long-wavelength limit that kV A /ω p approaches zero and γ > 0.
More completely than before, the mirror-mode waves were identified here by the proton temperature anisotropy calculated directly from their VDFs. In addition, the typical pressure balance is also detected in our solar wind data. As Yao et al. (2013) suggested, the present work supports the idea that the small-scale PBSs are formed in situ by compressive waves. Considering that the mirror-mode waves are identified when B 0 is quasi-perpendicular to GSE-x and that the slow-mode wave was reported by Yao et al. (2013) and Du et al. (2011) when B 0 was parallel and anti-parallel to the GSE x-axis, respectively, further investigation is necessary to determine whether and how the wave mode depends on θ xB . The nature and origin of those small PBSs that show other θ xB angles and are neither parallel nor perpendicular to the GSE x-axis will be discussed in a future paper. 
